ABSTRACT
INTRODUCTION
The subcloning and manipulation of DNA fragments from one plasmid context to another is a central activity in molecular biology. In many cases, experimental direction dictates the precise fusion of one sequence to another, and cumbersome, multistep cloning procedures are required to obtain the desired constructs. The well-documented features of double-stranded (ds) break repair by homologous recombination in the yeast Saccharomyces cerevisiaeoffer unique opportunities for simplified plasmid construction and the precise joining of DNA fragments.
Plasmids routinely used in S. cerevisiaepossess a selectable marker and sequences for replication and mitotic segregation. These regions of such plasmids are comprised of either an autonomously replicating sequence (ARS) and a centromere (CEN) or replication and partitioning sequences from the endogenous 2-µ m plasmid. They are maintained with a circular topology, and linearized plasmids lacking telomeres fail to replicate. Moreover, when linear fragments that possess overlapping DNA sequences are co-transformed into yeast, they can undergo homologous mitotic recombination through the dominant ds break repair pathway (15) . Hence, a linearized vector and fragment that shares DNA sequence overlap on either side of the plasmid break point ( Figure 1A ) can undergo recombination that restores the circular topology of the plasmid (7, 12) . Plasmid repair is manifest as a "positive transformant", and this provides a means to detect plasmid recombination events.
Several investigators have presented methods for plasmid assembly in yeast by co-transformation of overlapping DNA fragments and subsequent plasmid repair (6, 9, 13, 14) . Recent reports indicate that plasmid repair can be an extemely efficient process (12) and that recombination between short overlapping segments can be readily detected (6, 10, 13, 14) . In this report, we explore the influence of DNA concentration and overlap length on plasmid repair efficiency. We find that short, synthetic recombination linkers are efficient substrates for homologous recombination, and we demonstrate their use in plasmid assembly. Applications of this plasmid assembly technology are discussed.
MATERIALS AND METHODS

Strains and Methods
The yeast strain used in this study was SF838-9D (17) , and the E. coli strain was MC1061 (2). Yeast was transformed by electroporation (11) . The numbers of uracil-prototrophic (Ura + ) transformants reported in Figures 1, 3 and 4 are the average of three separate transformation experiments. For routine plasmid constructions, an entire plate of yeast transformants was pooled by resuspension in water, and plasmid DNA was shuttled from yeast into E. coli as described (5) . Figure 2 shows diagrams of recombination linkers that were synthesized from four oligonucleotides. Sense and antisense central oligonucleotides of approximately 60 nucleotides were designed to synthesize an initial segment
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of dsDNA by primer extension. This segment was then both extended and amplified by using sense and antisense primers. The final lengths of the linker segments were determined by the site of primer annealing and the length of the primer oligonucleotides. Overlaps between oligonucleotides were generally 20-25 bp in length with calculated melting temperatures in the range of 60°-70°C. For linker synthesis, 1 pmol of central oligonucleotides and 100 pmol of primers were amplified with Pwo DNA Polymerase (Boehringer Mannheim, Indianapolis, IN, USA) in a 100-µ L reaction containing the manufacturer's supplied buffer and 0.25 mM dNTPs. Synthesis conditions were 10 cycles of amplification at 94°C for 30 s, 50°C for 60 s and 72°C for 60 s. The yield of linker was generally 2-4 µ g/ 100 µ L reaction, and linkers were ethanol-precipitated and resuspended at 1 µ g/ µ L for use in transformations.
The donor fragment was a 450-bp Eco RI-Xba I fragment encoding human leptin (20) ; it was digested from a Bluescript ® vector (Stratagene, La Jolla, CA, USA) and used in transformations (without purification) at a final concentration of 1 µ g/ µ L of donor fragment. The acceptor vectors were all derived from the yeast CEN-ARS, URA3and Bluescript-derived vector pRS316 (19) , and they were used in transformations at a concentration of 1 µ g/ µ L or 100 ng/ µ L. The acceptor vector for Figure 1 , pCZR185, carries a unique BamHI site separating two 50-bp blocks of sequence identical to the 5 ′ and 3 ′ ends of the human leptin fragment, respectively. The acceptor vector for Figure 3 , pCZR182, carries a subclone of the S. cerevisiaeα -factor preprotein (prepro) coding region (8) , and it was digested at Hin dIII and Xho I sites at the 3 ′ end of the coding sequence. The linkers used in Figure 3 span from the α -factor prepro coding region into pRS316 sequences. The acceptor vector used in Figure 4 , pCZR213, is identical to pCZR182, except it carries a unique, blunt-end Sna BI site in place of the Hin dIII and Xho I sites. The linkers for Figure 4 overlap from α -factor prepro sequences into the 5 ′ end of the leptin donor fragment on one end and from the 3 ′ leptin coding sequence into the pRS316 sequences on the other. DNA fragments and linkers were quantified by gel electrophoresis and compared with standards of known concentrations.
RESULTS
Two-Part Plasmid Recombination
To quantify the influence of DNA concentration on plasmid repair efficiency, a linearized acceptor vector and donor fragment were co-transformed into yeast (Figure 1 ). The acceptor vector harbored sequences for selection and replication in S. cerevisiae( URA3and CEN-ARS) and E. coli [ampicillin-resistance (Amp R ) and colE1 ori]; it was derived from the Bluescript-based yeast vector pRS316 (19) . It carried two 50-bp blocks of DNA sequence separated by a unique BamHI site that, when digested, overlaps with the two ends of the donor fragment ( Figure 1A ). Plasmid repair was monitored by scoring the frequency of Ura + transformants ( Figure 1B ). DNA concentration was tested over a range from 0.1-10 µ g. Tenfold increases in uncut, circular plasmid led to modest increases in transformation efficiency. Transformations with BamHI-linearized vector alone yielded transformation efficiencies comparable with uncut DNA, particularly at higher concentrations of DNA. Plasmid repair by illegitimate end-joining of staggered ds breaks has been characterized previously (1, 12) . In all cases, the addition of donor fragment stimulated the efficiency of plasmid repair significantly. At higher concentrations of DNA, the transformation efficiencies with co-transformed acceptor vector and donor fragment exceeded the transformation frequency with equivalent amounts of vector DNA by as much as 20-fold. Characterization of recombinant plasmids by transfer into E. coli and polymerase chain reaction (PCR) screening/restriction digestion indicate that >90% of the recovered plasmids possess the anticipated structure shown in Figure 1A (data not shown) .
The data in Figure 1 indicated that homologous recombination between short regions of DNA overlap can occur with high frequency. A second set of reactions was used to test whether short segments of dsDNA (60-140 bp; Figure 2) could serve as donor fragments for plasmid repair ( Figure 3A) . These reactions also examined the influence of acceptor/donor DNA overlap length on repair efficiency. Short, ds recombination linkers were synthesized by PCR from component oligonucleotides. 
Multi-Fragment Plasmid Recombination
The observation that short, synthetic linker segments stimulated plasmid repair suggested that they could be used to recombine donor fragments with acceptor vectors. In the simplest scheme, two synthetic recombination linkers that possess sequence overlap on one end with the acceptor vector and on the other end with the donor fragment are used to "subclone" DNA by recombination ( Figure 4A ). To test this, two synthetic 140-bp linkers, donor fragment and blunt-end linearized acceptor vector were co-transformed into yeast. Blunt-ended ds breaks are poor substrates for illegitimate end-joining repair (1), and vectors linearized in this manner were found to minimize the background of plasmids repaired by illegitimate end-joining reactions. This point is illustrated by the observation that 0.1 µ g of circular pRS316 (19) yielded 1500 Ura + transformants, 0.1 µ g of BamHI-linearized pRS316 yielded 680 transformants and 0.1 µ g of Sma I-linearized plasmid gave 160 Ura + colonies. Plasmid repair efficiency of a fixed amount of Sna BI (blunt end) linearized acceptor vector (0.1 µ g) was measured for various concentrations of linkers and donor fragment (0.1 and 1.0 µ g; Figure 4B ). At the highest concentration of linkers and donor fragment, the recovery of Ura + yeast transformants was stimulated 40-fold relative to the cut plasmid control. Plasmids with the predicted linker-mediated subclone of the donor fragment into acceptor plasmid were recovered at high frequency from these yeast transformants. Total yeast DNA was prepared from a pool of approximately 500 Ura + transformants and used to transform E. coli that were then grown and selected for Amp R . PCR analysis indicated that at least 34 of 40 (85%) colonies harbored the desired construct (data not shown).
The influence of DNA overlap length of the recombination linkers on the subcloning efficiency of the donor fragment into the acceptor vector was measured by monitoring recovery of Ura + transformants for linkers of various lengths ( Figure 4C ). Linkers as short as 60 bp, with 30 bp of overlap on either end with the donor fragment and acceptor vector, respectively, stimulated plasmid repair more than tenfold. Repair efficiencies increased with increasing linker/DNA overlap length as expected.
DISCUSSION
We have described a general method for plasmid assembly that exploits the homologous recombination-mediated DNA repair pathway in the yeast S. cerevisiae . The technology is simple to use-DNA fragments to be joined are simply co-transformed into yeast. Therefore, as discussed below, the technology has generalized applications for plasmid assembly that extend beyond yeast-specific research. Importantly, the inherent flexibility in linker design permits the precise joining of two sequences without the constraint of available restriction sites. Three parameters were found to influence successful plasmid assembly: (i) The appropriate concentrations and ratios of acceptor vector (100 ng) to linkers and donor fragment ( ≥ 1 µ g) were critical for the efficient assembly of the desired plasmid construct. In general, higher concentrations of linkers and donor fragments were found to favor recombination-mediated plasmid repair.
(ii) The length of DNA overlap influenced repair efficiency, with overlaps ≥ 50 bp yielding the greatest number of recombinants. (iii) Background plasmid repair by illegitimate end-joining of the acceptor vector is minimized when the vector is linearized with a restriction enzyme that generates blunt ends. While electroporation was used as the method for yeast transformation in this study, plasmid recombination using the popular lithium acetate transformation method (18) has been described previously (10, (12) (13) (14) , and the technology described here seems likely to work with this transformation procedure as well.
Several methods have been described that exploit the homologous recombination pathway of S. cerevisiae for plasmid assembly (6, 9, 14) . The technology most similar to that reported here involves the use of "tailed" PCR primers that extend an amplified segment of DNA with sequences that overlap a yeast cloning vector (6, 14) . The PCR product is then ligated into the vector by homologous recombination. The current study complements and extends this concept in several important respects. Synthetic recombination linkers are simple to design and synthesize, and we have rarely encountered difficulty synthesizing linker segments from constituent oligonucleotides (C. Raymond and T. Pownder, unpublished). In contrast, PCR amplification of target sequences with tailed PCR primers has been unsuccessful in some cases and has been impractical in other cases, particularly with long target sequences. Linker-mediated subcloning has the additional advantage that the target sequence is not PCR-amplified, thus DNA sequencing to confirm that the desired construct has been obtained can be confined to the junction regions between the vector and insert. Finally, synthetic linker segments can be used to introduce relatively long stretches of nucleotide sequence that do not exist in either the donor fragment or acceptor vector.
The use of recombination linkers has facilitated the design of multifunctional protein expression vectors for use in E. coli , the methylotrophic yeast Pichia methanolica (16) or mammalian cells ( Figure 5A ). Each vector is derived from pRS316 (19) . We have found that the yeast-specific sequences do not in - Figure 5 . Applications of recombination linker-mediated plasmid assembly. (A) A multifunctional protein expression vector carries sequences for replication and selection in yeast, E. coli and the host expression organism. The vector carries a strong promoter (P), a translation-intiating site (ATG), a coding region for an amino-terminal epitope tag (N), a blunt-end restriction site, a coding region for a carboxy-terminal epitope tag (C) and appropriate vector stop signals for translation and transcription (stop). Linkers used to subclone the indicated ORF are represented by blocks of homology to the vector and fragment that are connected by a thin line. By appropriate linker design, the target ORF can be subcloned such that an amino-terminal tagged (N-tagged), a carboxy-terminal tagged (C-tagged) or untagged protein is expressed. (B) A series of linkers can be used to assemble a synthetic DNA sequence. In the example shown, overlapping linkers that encode the target ORF and that overlap the acceptor vector promoter region (P) and stops are used to assemble a synthetic (e.g., codon-optimized) protein coding region.
terefere with protein expression levels in mammalian cells (M. Moore and C. Raymond, personal communication, unpublished) . In addition, these plasmids harbor a marker for selection in the organism used for expression, a strong promoter, coding sequences for amino-terminal and carboxy-terminal epitope tags (e.g., poly-histidine or myc; Reference 4) and a blunt-end restriction site between the tags for linearization of the vector. By designing linkers that recombine within different sites in the vector, it is possible to generate expression constructs for a given open reading frame (ORF) that are Nterminally tagged, C-terminally tagged or untagged. We have also used a multiple set of recombination linkers to generate synthetic, codon-optimized genes ( Figure 5B ). As an example, a mutant form of green fluorescent protein (GFP) (3) was assembled into a pRS316-derived vector (19) from four 250-bp linkers that overlapped one another and/or the vector by 40 bp (T. Pownder and C. Raymond, unpublished) . Fifty eight Ura + colonies were recovered, compared to 13 colonies observed on a control plate of vector alone. Yeast DNA prepared from the pooled 58 transformants was transferred into E. coli , and subsequent analysis indicated that 14 of 24 colonies harbored a plasmid of the correct structure. The DNA sequence of at least three of these clones yielded a GFP gene of the anticipated sequence. In summary, the method described is a simple and powerful tool to generate plasmids for a wide range of research applications.
